ABSTRACT: Nitrogen (N 2 , at 77 K and sub-atmospheric pressure), carbon dioxide (CO 2 , at 273 K, sub-atmospheric pressure and high pressure) and methane (CH 4 , at 298 K and high pressure) adsorption isotherms have been obtained for three microporous-activated carbons in order to characterize their micropore size distributions (MPSDs). A comparison of the results has shown that the shape of the isotherms was different, which was due in part to differences in the overall micropore volume and the MPSDs for the carbon samples studied in this work. According to the results, despite the different characteristics of CO 2 and CH 4 , a quite good consistency between the MPSDs from these two gases was obtained for the three carbon samples. Finally, it was shown that the adsorption isotherms of CO 2 and CH 4 at the higher temperatures should be considered as a complement to N 2 adsorption at 77 K for the characterization of porous texture (micropore volume and MPSDs) of activated carbon samples.
INTRODUCTION
Because of their high degree of microporosity and surface reactivity, activated carbons have found a wide range of applications in processes such as the purification of gases and the separation of various mixtures (Bansal and Goyal 2005) . Consequently, adsorption employing activated carbons is of interest in many areas of concern as diverse as food, pharmaceutical, chemical, petroleum, nuclear and automobile industries (Gregg and Sing 1982; Bansal and Goyal 2005) . A special feature of activated carbons that controls their application is their porous texture, i.e. the pore volume and micropore size distribution (MPSD). Thus, characterization of the porous texture is an essential task in predicting the performance of activated carbons in a given application.
The physical adsorption of gases is the technique most used for the characterization of porous solids, with various adsorptives such as nitrogen (N 2 ), carbon dioxide (CO 2 ), methane (CH 4 ) and benzene (C 6 H 6 ) being employed (Rouquerol et al. 1999; Lozano-Castello et al. 2002; Li et al. 2004) . Of these, N 2 at 77 K is the more widely used adsorptive for investigating the microporous characteristic of activated carbons. However, the diffusion of N 2 molecules into carbon micropores is a very slow process at low temperatures. Hence, the adsorption of N 2 at 77 K over the narrow pore range (pores<0.7 nm diameter) may be influenced by diffusional limitations (Garrido et al. 1987) . For porous carbons containing a wide range of pore sizes including narrow porosity, this leads to non-equilibrium data being obtained in the adsorption isotherm measurements. In order to avoid this problem, some authors have proposed the use of CO 2 at 273 K as an adsorptive (Walker and Shelef 1967; Rodriguez-Reinoso and Linares-Solano 1988; Lozano-Castello et al. 2004) . Other adsorptives, including CH 4 and tetrafluoromethane (CF 4 ) at sub-atmospheric and high pressures, have also been employed for the characterization of microporous carbons (Sosin and Quinn 1995; Stoeckli et al. 2002; Belmabkhout et al. 2007; Bastos-Neto et al. 2007; Do et al. 2010; Li et al. 2010) .
In view of the important applications of commercial activated carbons in different industrial processes such as the sweetening of low-quality sour natural gas and the capture of CO 2 and air cleaning, the objective of the present research was to identify the porosity and surface features of non-impregnated and impregnated activated carbons for their performance as adsorbents. Thus, in the present work, the adsorption isotherms of three activated carbon samples have been studied by N 2 (at 77 K and sub-atmospheric pressure), CO 2 (at 273 K, sub-atmospheric pressure and high pressure) and CH 4 (at 298 K and high pressure). The high vapour pressures of CO 2 at 273 K and CH 4 at 298 K required the use of a high-pressure adsorption apparatus in order to cover the same range of relative pressure as in the case of N 2 at 77 K.
The MPSDs for the activated carbons have been deduced from the application of the generalized adsorption isotherm using the Dubinin-Radushkevich (DR) equation from the N 2 , CO 2 and CH 4 adsorption isotherm data. The porous texture as assessed by these three different adsorptives at low and high pressure has been compared. It was shown that sub-atmospheric pressure CO 2 adsorption at 273 K was especially important for complementing N 2 adsorption at 77 K.
THEORY
Based on the volume filling theory, an empirical model for the adsorption of gases and vapours onto microporous carbons was proposed by Dubinin and Radushkevich (DR) (Dubinin and Radushkevich 1947) . Dubinin and Astakhov (DA) (1971) further developed the DR model to fit a wider variety of materials by employing a more flexible exponent to the adsorption energy term. The DA model was proposed in the following form:
where W is the specific volume of the gas adsorbed at a relative pressure of P/P 0 , W 0 is the total specific volume of the pores in the material, β is the similarity coefficient and E 0 is the characteristic adsorption energy for a reference substance. The exponent is related to the heterogeneity of the MPSD; when n = 2, the DA equation reduces to the DR equation. The adsorption potential, A, is defined as:
where R is the gas constant, T is the absolute temperature and P 0 is the saturation vapour pressure.
The modified DR isotherm model was also suggested by Dubinin and Stoeckli (DS) as a means of obtaining the MPSDs of microporous solids (Stoeckli 1989 ):
where a and ν are adjustable parameters and K 0 = LE 0 is related to the average micropore width, L. Equation (3) results from the following integral transform (Stoeckli 1989 ): )/Γ(ν)is the distribution of the micropore width L over the volume W 0 .The DR model applies well to adsorption systems involving only van der Waals forces and is especially useful for describing the adsorption on activated carbons (Russell and Levan 1994; Valladares et al. 1998) .
MATERIALS AND METHODS

Materials
Three commercial granular microporous activated carbons were used: (i) Silcarbon K835 made from natural coconut shells (Silcarbon Aktivkohle GmbH, Kirchhundem 57399, Germany), (ii) RB3 which is a peat-based, steam-activated carbon (Norit Americas Inc., Pryor, OK, U.S.A.) -these were non-impregnated activated carbons -and (iii) ASZM-TEDA which is a coal-based activated carbon impregnated with copper (A), silver (S), zinc (Z) and molybdenum (M), and triethylenediamine (TEDA) (Calgon Co., Pittsburgh, PA, U.S.A.). The following pure gases and supplier-reported purities (by mole) were used over the course of the measurements: He, 99.99%; CH 4 , 99.99%; N 2 , 99.99%; and CO 2 , 99.995%.
Apparatus
Nitrogen adsorption isotherms at 77 K were measured using a volumetric adsorption analyzer (ASAP 2010, Micromeritics Instrument Corp., Norcross, GA, U.S.A.) over the relative pressure (P/P 0 ) range from ca. 1 × 10 −4 up to 0.999. Sub-atmospheric CO 2 adsorption isotherms were measured at 273 K using the volumetric apparatus equipped with Baratron pressure transducers (Alcatel, Paris, France). High-pressure CO 2 and CH 4 adsorption isotherms were obtained in a volumetric apparatus at 273 K and 298 K, respectively. The maximum pressure used in this work was 3 MPa and 4 MPa for CO 2 and CH 4 , respectively.
To obtain the isothermal adsorption capacities, a volumetric-type home-made apparatus was used. A schematic representation of this apparatus is shown in Figure 1 . It was fitted with a pressure transducer to measure the equilibrium pressure with an estimated uncertainty of ±0.0001 MPa. The apparatus consisted of two pressure vessels, which are referred to as the adsorption cell and the loading cell. The temperature of vessels was regulated by means of a thermostatic water bath (precision ±0.1 K). The apparatus was previously tested for the absence of leaks and for its accuracy by calibration with the empty adsorption cell. The samples were degassed at 573 K for approximately 2 h under high vacuum.
The volumetric technique for measuring the equilibrium adsorption capacities requires an accurate knowledge of the volumes of the vessels between which gas is being transferred. Hence, the volume of the reference cell was first determined at the working temperatures using helium. Then, prior to measuring the isothermal adsorption capacities of the activated carbons for nitrogen, carbon dioxide and methane, the volume of the adsorption cell at the measurement temperature was obtained. The volumes of the reference and adsorption cells were determined by connecting them to a separate gas cylinder containing approximately 0.8 MPa of helium. The molar density of helium was determined at the measured pressures and temperatures using the reference equations of state for helium (McCarty and Arp 1990) . The volume of the adsorption cell and connecting lines between valves 2 and 3, were obtained in the following form:
where V 1 is the total volume of the reference cell and connecting lines between valves 1 and 2, and V 2 is the total volume of the reference and adsorption cells and connecting lines between valves 1 and 3. The values of V 1 and V 2 were obtained by using P 1 and P 2 , which are respectively the initial pressure of the reference cell and the equilibrium pressure of the whole adsorption system (between valves 1 and 3 including the reference and adsorption cells) after opening valve 2. The volume measurements were repeated three times and the average was used for further calculations. The volumetric method of measuring equilibrium adsorption capacity was based upon the transfer of gas from the reference cell to the adsorption cell (through valve 2) containing the adsorbent. When changing the gas in the system, the cells and connecting lines were flushed several times by evacuating them to a pressure below 15 Pa and then pressurizing the system with the new gas to about 400 kPa.
The equilibrium adsorption capacity was measured using a simple material balance for the gas in the two vessels (Watson et al. 2009 ). The molar gas density was determined at the measured pressure and temperature using the reference equations of state for nitrogen, carbon dioxide and methane (Setzmann and Wagner1991; Span and Wagner 1996; Span et al. 2000) . The estimated total uncertainty in the adsorption measurements was 2%. 
RESULTS AND DISCUSSION
4.1. Nitrogen (77 K) and CO 2 (273 K) adsorption at sub-atmospheric pressure Figure 2 shows the N 2 adsorption isotherms of the three activated carbons at 77 K. The adsorption isotherms are of Type I according to the IUPAC classification (Sing et al. 1985) . It will be seen that the "knee" of the isotherms was quite sharp, reflecting the existence of narrow microporosity and a homogeneous MPSD. According to this figure, the N 2 adsorption capacity at P/P 0 = 1 for the K835 and RB3 samples was higher than that obtained for the ASZM-TEDA sample. Using the Gurvitch rule (P/P 0 = 0.99), the total pore volumes for K835, BR3 and ASZM-TEDA were estimated as 0.52cm Valladares et al. 1998; Stoeckli et al. 2002) .The micropore (pore size<2 nm) ) was determined from the nitrogen adsorption data as the difference between the total pore volume calculated at the relative pressure P/P 0 = 0.99 and the micropore volume, V N 2 .
As listed in Table 1 where n(P) and n s are the number of moles of CO 2 adsorbed per mass of carbon at pressure P and the saturated pressure, respectively, and b and m are parameters. Figure 3 shows a good agreement between the experimental and correlated data. According to this figure, all the CO 2 adsorption isotherms, including the experiments data at sub-atmospheric pressures (0.005 to 0.1 MPa) and at high pressures (up to 3 MPa), are Type I. As shown in Figure 3 , sample K835 had the highest CO 2 adsorption capacity at 3 MPa, which corresponds to the largest micropore volume as presented in Table 1 . Although the N 2 adsorption isotherms for K835 and RB3 were very similar at P/P 0 >0.2, the CO 2 adsorption capacities for these samples were quite different. The experimental CH 4 adsorption isotherms at 298 K (up to 4 MPa) for the three studied samples are illustrated in Figure 4 . The micropore volumes determined from N 2 at 77 K or subatmospheric CO 2 at 273 K for each of three carbon samples are quite different. However, the nearly equal micropore volumes have been obtained from the high-pressure isotherms of CO 2 and CH 4 for the three carbon samples (see Table 1 ).
Assessment of microporosity and MPSD from N 2 , CO 2 and CH 4 adsorption data
MPSDs were calculated from the N 2 , CO 2 and CH 4 isotherm data using the DS method described in Section 2 above. Figure 5 presents the MPSDs obtained from the N 2 adsorption data. As expected from the isotherms and characterization results at sub-atmospheric pressures, K835 and RB3 possessed similar MPSDs. However, considering the difference between the micropore volumes calculated from the N 2 and CO 2 adsorption data as presented in Table 1 , a difference in the mean pore size values was indicated. According to the results from the N 2 adsorption data, the maximum of the MPSDs for the K835, RB3 and ASZM-TEDA carbon samples were at ca. 1, 1.17 and 1.07 nm, respectively. Figure 6 illustrates the MPSDs of the activated carbon samples obtained from the CO 2 (subatmospheric and high-pressure) and CH 4 (high-pressure) adsorption isotherm data. Figures 5 and  6 clearly show the meaningful differences between the MPSDs of the activated carbons samples 314 A. Aleghafouri et al./Adsorption Science & Technology Vol. 30 No. 4 studied in the present work. The MPSDs obtained from the N 2 adsorption data presented a higher mean pore width value than those obtained from CO 2 and CH 4 . Figure 7 presents a comparison between the MPSDs of the K835, RB3 and ASZM-TEDA carbon samples using the CO 2 and CH 4 adsorption isotherms at high pressure. In terms of the critical temperatures for CO 2 and CH 4 , the applied temperatures are sub-critical in the case of CO 2 and super-critical in the case of CH 4 . However, as presented in Figure 7 , despite different adsorption conditions, an excellent consistency between the MPSDs of the studied carbon samples is shown.
The micropore volumes obtained from the low-and high-pressure adsorption data were compared with those calculated from sub-atmospheric adsorption data as listed in Table 1 . It can be seen that the micropore volumes obtained from the adsorption of CO 2 and CH 4 at high pressures were quite close and higher than the values obtained from the low-pressure adsorption. This is expected because CO 2 adsorption at sub-atmospheric pressures involves just the narrow micropores, whilst adsorption at high pressures accounts for the whole microporosity (CazorlaAmoros et al. 1996; Linares-Solano et al. 1998 ). This fact is again reflected in the consistency of both approaches, even though different adsorptives at different temperatures were employed.
However, from values for the ASZM-TEDA sample was less than that for the K835 and RB3 samples. This indicates that the micropore-size distribution of the ASZM-TEDA sample was narrower than those of the K835 and RB3 samples, but also at a lower micropore volume. The micropore volumes calculated from the MPSD obtained from the high-pressure CO 2 adsorption data were compared with those calculated from N 2 adsorption data (Table 1) . It can be seen that for all three samples
, which suggests the existence of large pore volumes (mesopores and macropores) in these carbon samples (Lozano-Castello et al. 2004; Urbonaite et al. 2008) .
CONCLUSIONS
Characterization of three microporous activated carbons has been undertaken by adsorption studies of N 2 (sub-atmospheric pressures), CO 2 (sub-atmospheric and high pressures) and CH 4 (high pressures) at 77, 273 and 298 K, respectively. Because the relative fugacity range covered in the CO 2 and CH 4 studies was similar to the relative pressure range covered with N 2 , it was possible to undertake a suitable comparison of the adsorptives. According to the results obtained, the shapes of the N 2 , CO 2 and CH 4 adsorption isotherms for the three carbon samples used in this study were different. The micropore volumes determined from the high-pressure CO 2 (273 K) and CH 4 (298 K) adsorption isotherm data were very similar but different from those for the sub-atmospheric N 2 (77 K) and CO 2 (273 K) data. MPSDs were deduced from the N 2 , CO 2 , and CH 4 adsorption isotherm data according to DS method. The N2 MPSDs gave higher mean pore width values than the CO 2 and CH 4 MPSDs, while the latter (CO 2 and CH 4 ) gave similar MPSDs. 
